Spontaneous mutations are ultimately essential for evolutionary change and are also the root cause of many diseases. However, until recently, both biological and technical barriers have prevented detailed analyses of mutation profiles, constraining our understanding of the mutation process to a few model organisms and leaving major gaps in our understanding of the role of genome content and structure on mutation.
INTRODUCTION
As the ultimate source of genetic variation, mutation is implicit in every aspect of genetics and evolution.
However, as a result of the genetic burden imposed by deleterious mutations, remarkably low mutation rates have evolved across all of life, making detection of these rare events technologically challenging and accurate measures of mutation rates and spectra exceedingly difficult (KIBOTA and LYNCH 1996; LYNCH and WALSH 1998; SNIEGOWSKI et al. 2000; LYNCH 2011; FIJALKOWSKA et al. 2012; ZHU et al. 2014) .
Until recently, most estimates of mutational properties have been derived indirectly using comparative genomics at putatively neutral sites (GRAUR and LI 2000; WIELGOSS et al. 2011) or by extrapolation from small reporterconstruct studies (DRAKE 1991) . Both of these methods are subject to potentially significant biases, as many putatively neutral sites are subject to selection and mutation rates can vary substantially among different genomic regions (LYNCH 2007 ).
To avoid the potential biases of these earlier methods, pairing classic mutation accumulation (MA) with whole-genome sequencing (WGS) has become the preferred method for obtaining direct measures of mutation rates and spectra (LYNCH et al. 2008; DENVER et al. 2009; OSSOWSKI et al. 2010; LEE et al. 2012; SUNG et al. 2012a; HEILBRON et al. 2014) . Using this strategy, a single clonal ancestor is used to initiate several replicate lineages that are subsequently The MA-WGS method has now been used to examine mutational processes in several model eukaryotic and prokaryotic species, yielding a number of apparently generalizable conclusions about mutation rates and spectra. For example, a negative scaling between base-substitution mutation rates and both effective population size (N e ) and the amount of coding DNA supports the hypothesis that the refinement of replication fidelity that can be achieved by selection is determined by the power of random genetic drift among phylogenetic lineages (LYNCH 2011; SUNG et al. 2012a ). This "drift-barrier hypothesis" therefore predicts that organisms with very large population sizes such as some bacteria should have evolved very low mutation rates (LEE et al. 2012; SUNG et al. 2012a; FOSTER et al. 2013) . Universal transition and G:C>A:T biases have also been observed in all MA studies to date (LIND and ANDERSSON 2008; LYNCH et al. 2008; DENVER et al. 2009; OSSOWSKI et al. 2010; LEE et al. 2012; SUNG et al. 2012a; , corroborating previous findings using indirect methods (HERSHBERG and PETROV 2010; HILDEBRAND et al. 2010 ).
However, several additional characteristics of mutation spectra vary among species (LYNCH et al. 2008; DENVER et al. 2009; OSSOWSKI et al. 2010; LEE et al. 2012; SUNG et al. 2012a; , and examining the role of genome that was observed (see Figure S1 ). Final generation numbers per line were estimated as the sum of monthly generation estimates, which were derived by multiplying the number of generations per day in that month by the number of days between measurements (see Figure   S1 ).
DNA extraction and sequencing.
Genomic DNA was extracted from 1 ml of of the good-coverage reads from the initial alignment identified the mutation; or c) they were larger indels that were only identified by the more strict requirements of PINDEL. Moreover, if an indel was identified in more than half of the lineages, we consider it to be an ancestral indel and exclude it from further analyses.
Unlike base-substitutions mutations, many reads that cover an indel mutation may fail to identify the mutation because they lack sufficient coverage on both sides of the mutation to anchor the read to the reference genome, particular when they occur in simple sequence repeats. Therefore, applying the initially lenient filter to extract putative indels is justified to identify all potential indels. By then focusing only on the good-coverage reads and applying an independent paired-end indel identifier (PINDEL), we can filter out indels that are more likely to be false positives, while keeping only the high concordance indels supported by multiple algorithms. Although there remains more uncertainty with indel calls than with base-substitutions mutations, we are confident that we have obtained an accurate picture of the naturally occurring indels from this study because of the high concordance across algorithms and reads (see File S1; Figure   S3 ), and the fact that no indels were called independently by more than two lines (see Figure S4 ). A complete list of the indels identified in this study, along with the algorithms that identified them, their coverage, and concordance across well-covered reads can be found in File S1.
Mutation-rate analysis.
Once a complete set of mutations had been identified in each lineage, we calculated the substitution and indel mutation rates (bps: χ 2 = 1.81, p = 0.99; indels: χ 2 = 0.48, p = 0.92), indicating that mutation rates did not vary over the course of the MA experiment (see Figure S2 ).
Mutation-accumulation
experiments rely on the basic principle that when the effective population size (N e ) is sufficiently reduced, the efficiency of selection is minimized to the point at which nearly all mutations become fixed by genetic drift with equal probability (KIBOTA and LYNCH 1996) . N e in this cenocepacia, which is substantially higher than expected based on mutation pressure alone.
In Although the ratio of deletions to insertions observed in this study was nearly 1, the per base-pair deletion rate (1.97 (0.86) × 10 -10 /bp/generation) was substantially higher than the insertion rate (6.11 (1.90) × 10 -11 /bp/generation), since the average size of deletions was greater than the average size of insertions. Thus, there is a net deletion rate of 1.36 (5.95)
× 10 -10 /bp/generation ( Figure 3C ). These comparisons further illustrate that the significant variation in conditional base-substitution mutation rates is mostly driven by a few types of substitutions that occur at higher rates on particular chromosomes. Specifically, although their individual differences were not quite statistically significant, G:C>T:A transversions seem to occur at the highest rate on chr3 (χ 2 = 5.94, df = 2, p = 0.051) and A:T>C:G transversions occur at the highest rate on chr1 (χ 2 = 5.67, df = 2, p = 0.059) ( Figure 3B ; Figure 4A ). In support of this model, G:C>T:A transversions also occur at a slightly higher rate in late replicated regions of chr1 and chr2 than they do in early replicated regions of chr1 and chr2 (see Figure 5A ). However, even when mutations are binned by overall replication timing (combining late replicating regions on chr1 and chr2 with chr3 and comparing them to early replicating regions on chr1 and chr2), the rate of G:C>T:A transversions is not significantly higher than it is in early replication-timing regions, likely due to small sample sizes (χ 2 = 2.52, df = 1, p = 0.113). A:T>C:G transversions occur at slightly higher rates in early replicated regions of chr1 and chr2 than they do in late replicated regions (see Figure 5B ), but again the difference is not statistically significant (χ 2 = 1.26, df = 1, p = 0.262).
Studies in
Together, these findings suggest that late replicating DNA is predisposed to incur more G:C>T:A transversions and early replicating DNA is predisposed to incur more A:T>C:G transversions, but a larger collection of mutations will be necessary to fully address this question. However, the lack of AT-mutation bias is inconsistent with all previous findings in mismatch-repair proficient organisms (LYNCH et al. 2008; DENVER et al. 2009; HERSHBERG and PETROV 2010; HILDEBRAND et al. 2010; OSSOWSKI et al. 2010; LEE et al. 2012; SUNG et al. 2012b ).
Further, both mutation rates and spectra cenocepacia HI2424 has a large amount of coding DNA (G E ) (6.8 x 10 6 base pairs), and a high average nucleotide heterozygosity at silent-sites (π s ) (6.57 x 10 -2 ) relative to other strains (WATTERSON 1975; MAHENTHIRALINGAM et al. 2005) . By combining this π s measurement and the base-substitution rate from this study, we estimate that the N e of B. cenocepacia is approximately 2.47 x 10 8 , which is in the upper echelon among species whose N e has been derived in this manner (see Figure S6 ). Under the drift-barrier hypothesis, high target size for functional DNA and high N e increase the ability of natural selection to reduce mutation rates (LYNCH 2010b (LYNCH , 2011 SUNG et al. 2012a ). Burkholderia genomes also tend to be large in comparison to other Proteobacteria, but this is evidently not the product of more frequent insertions.
Thus
Rather, insertions and deletions occurred at similar rates but deletions were larger than insertions, and plasmids were lost relatively frequently, which together add to the general model that bacterial genomes are subject to a deletion bias (MIRA et al. 2001; KUO and OCHMAN 2009 The lack of mutational bias towards AT bases observed in B.
cenocepacia has not been seen previously in non-mutator MA lineages of any kind (LIND and ANDERSSON 2008; LYNCH et al. 2008; DENVER et al. 2009; KEIGHTLEY et al. 2009; OSSOWSKI et al. 2010; LEE et al. 2012; SUNG et al. 2012a; . However, selection and/or biased gene conversion must still be invoked to explain the high %GC-content in B.
cenocepacia (HERSHBERG and PETROV 2010; HILDEBRAND et al. 2010) . Of these two explanations, selection favoring GCcontent may be the more influential force,
given that there is no evidence for increased %GC-content in recombinant genes of Burkholderia, despite its prevalence in other bacteria (LASSALLE et al. 2015) . It is also notable that similar substitution biases can be observed at Figure S7 ). However, the evolutionary mechanism of these substitution biases are uncertain given the potential for ongoing recombination and/or natural selection to influence polymorphisms at these sites in conserved housekeeping genes (LYNCH et al. 2008; DURET and GALTIER 2009; RAGHAVAN et al. 2012; ZHU et al. 2014) . Perhaps the most important finding from this study is that both mutation rates and spectra vary significantly among the three autonomously replicating chromosomes that make up the B. cenocepacia genome (Figure 3 ). Our data demonstrate that base-substitution mutation rates vary significantly among chromosomes, but not in the direction predicted by comparative studies on sequence divergence (MIRA and OCHMAN 2002; COOPER et al. 2010; LANG and MURRAY 2011; AGIER and FISCHER 2012; MORROW and COOPER 2012) . Specifically, we find that base-substitution mutation rates are highest on the primary chromosome ( Figure 3A,B Figure 5B ). The alternative mechanism of transcriptional mutagenesis seems less likely as A:T>C:G transversions occurred frequently in non-coding DNA relative to other substitution types (see Figure S8 ).
In summary, this study has demonstrated that the GC-rich genome of B. cenocepacia has a relatively low mutation rate, with a mutation spectrum that lacks an AT-bias and is biased toward deletion. Moreover, both the rate and types of base-substitution mutations that occur most frequently vary by chromosome, likely related to replication dynamics, the cell cycle, and transcription (KLAPACZ and BHAGWAT 2002; COOPER et al. 2010; MERRIKH et al. 2012 Error bars indicate one SEM. (×10 11 ) are calculated as the number of each mutation type, divided by the product of the number of generations and the total A:T or G:C sites in each respective reference genome if the raw data is not directly available in the cited reference (WEI et al. 2014) . 
